The present paper aims to numerically investigate the two-dimensional flow analysis of modified Savonius wind turbine using computational fluid dynamics. The effects of the straight blade angle on the turbine performance were studied. Simulations based on the RANS equations and the SST-k- turbulence model are used to simulate the airflow over the turbine blades. Both the static and dynamic simulations were performed. In the static simulation, the drag and lift coefficient on the Savonius turbine were directly calculated at every angular position, and the timeaveraged moment and power coefficients were computed in each of the dynamic simulations. From the results, it can be concluded that the turbine with a straight blade angle of 100 model gives the better performance at higher Tip Sped Ratio (TSR) than other models.
INTRODUCTION
The Savonius wind turbine is a mechanical power-generating device that has been studied by many researchers since the 1920s. This turbine has some advantages such as relatively simple construction, low manufacturing cost, wind reception from any direction with low operating speed, good starting ability and has many rotor configuration options. However, the efficiency of the Savonius wind turbines is lower than the other horizontal axis wind turbines due to the negative torque generated by the returning blade. Savonius wind turbines are usually applied as wind pump for irrigation or agricultural purposes, street lighting systems, and driving electrical generators [1] [2] [3] [4] .
Numerous experimental and numerical studies of the Savonius wind turbine have been found in many technical and scientific literatures. Different configurations and arrangements of Savonius rotor show that the rotor performance is influenced by operational conditions, geometric and airflow parameters. The performance of this rotor can be improved by changes in design parameters, including blade arc angle, aspect ratio, overlap size, and gap size [5] [6] [7] [8] [9] [10] . The overlap and gap region between Savonius blades, allowing the fluid was entering the concave side of a blade to flow to the side of the other blades and produce additional pressure. Several studies aboutSavonius rotor have been carried out on the number of blades and stages of the rotor [11] [12] [13] [14] [15] [16] . Some authors also have reported that augmentation and wind guide improve on power coefficient, that made the construction of the turbine system more complex [17] [18] [19] [20] [21] [22] . Some studies of Savonius rotor focus on the modification of blade shape get better performance than the previous model. Published results demonstrate that Savonius rotor performance is affected by model and configuration of Savonius rotor [23] [24] [25] [26] [27] [28] .
The Savonius blade can be classified into three geometric shapes, classical or semicircular type, elliptical type, and Bach type. Bach type has a blade shape that is not entirely curved, but there is a section with a straight blade. A number of studies have found that, the Bach-type rotor is better than other geometries and modifying blade geometry has experimentally been shown to improve the performance of Bach type.Modi and Fernando conducted an experimental study and flow visualization on this Bach type blade to get the best performance on the optimal configuration of the Savoniusrotor associated with the blade geometry, gap size (a/d) =0; blade overlap (b/d) = 0; aspect ratio (A) =0.77; blade shape parameters (p/q) =0.2; blade arc angle () =135 [29] . A group researchers performed the experiments by modifying the Bach-type blades without using a shaft, where Cpmax was obtained on the blade with an overlap ratio of 0, the angle of the blade curve of 124 and the aspect ratio 0.7, compared with the semi-circular model [30] . Additionally, compared the new profile blade with modified Bach type, semi-circular blade, semi-elliptic blade, and Benesh type models to determine the optimum values of power coefficient. The optimized results obtained a new profile that performs better with Cpmax 0.31 than modified Bach, Benesh type, semi-elliptic and semi-circular of 0.3; 0.29; 0.26 and 0.23 respectively.
Computational approaches have also been used to efficiently predict the flow past a Bach-type turbine and calculate its power coefficient. Wang and Yeung simulated the flow past a micro-scale Bach-type vertical-axis wind using a viscous Discrete-Vortex Method for use as micro-scale energy harvesters that can be applied to power [31] . A studied the flow physics around a modified Bach and Benesh profiles of Savonius rotorusing multiphysics CFD solver to determine drag and lift characteristics acting on the rotors [32] . The result shows that the drag coefficient (CD) for the modified Bach profile is higher than the Benesh profile. Also, numerically analyzed three geometries of Savonius wind turbine rotors (semi-circular, elliptic and Bach type) [33] . All geometries attain maximum Cp at TSR 0:8. In that region, the Bach-type geometry produces the highest power output. Furthermore, the numerical investigation to asses an optimal blade profile in the modified design of Bach-type blades has been done, the results showed that the maximum power coefficient with blade arc angle of 135° [34] .
The literature review reported presents that changes in the blade geometry design of Savonius wind turbines could improve the power coefficient. Many Inventive design enhancements have been done on Bachtype blades, but the simplest modification is to modify the shape of the blade. Most of the previous research workcarried out on modifications of the curved blade, relating to the arc angle of the blade for efficiency improvement, but the effect of straight blade angles on the performance of the rotor has not been investigated so far. This straight blade is necessary to the movement of the airflow after passing through the curved blade leading to overlap areas which potentially reduces the negative torque of the returning blade. This section can be further investigated by bending the blade at the connection of the curved blade and the straight blade, inward and outward to form a specific angle.
In this paper, the main purpose of this study is to numerically investigate different modified Bach-type of savonius wind turbine configurations that differ for the bend angle between curved blade and straight blade to obtain optimum performance. Both dynamic and static simulations are executed. The static analyses are carried out to compute aerodynamic performance associated with lift and drag coefficients and the dynamic simulations to obtain turbine performance in terms of moment coefficient (CM) and power coefficient (CP) during operative cycles.
METHODOLOGY

Blade Model
This study focuses on the modification of the geometry of the Savonius wind turbine of Bach type, especially on the straight blade. The blade of the Savonius-Bach type as the baseline model used refers to Roy and Saha [34] . The optimum configuration is obtained at the angle of the blade curve  = 135, the length of the straight blade (S1) and the radius of the blade (S2) of 42% of the length of the blade chord, the blade overlap, e = 40% of the blade chord length and the distance between the blades, a = 10% of the blade chord length. Modify geometric shapes in which the straight blades are bent inwards and outward to form an angle () varied between of 70-110 at intervals of 10 (in this case,  = 90 is baseline or without being bent). The constant parameters are the rotor diameter (D), the blade angle (), the length of the straight blade (S1), the radius of the blade (S2) and, and the distance between the blades (a). The diagram of the modified design under test is shown in Fig. 1 . 
Solution Methodology
In this study, the performance of Savonius wind turbine with straight blade modification was performed by numerical simulation using 2 (two) Dimensional Computational Fluid Dynamicsfor static and dynamic simulations. The static simulation is used to analyzethe fluid flow characteristics across the blade at various angular positions, meanwhile dynamic simulation with rotating blades is used to predict the turbine performance with the parameters including power coefficient (CP) and torque or moment coefficient (CM). A total of 35 dynamic simulations were performed to calculate average CM and averaged CP, and 35 static simulations to determine the lift coefficient (CL) and drag coefficient (CD) during the half cycle of the turbine rotation due to symmetrical geometry. For dynamic simulation, a specific rotation rate N (rad/s) is determined to obtain variations in the tip speed ratio (TSR). Tip speed ratio indicates the ratio of blade tip speed to the wind velocity, and has the following expression:
where:  is the turbin rotational speed; R is the rotor radius of rotation; V is the freestream velocity. The power coefficient CP, the moment coefficient CM, and the tip speed ratio TSR are as follows:
The inlet velocity is taken 7 m/s for all simulations, with Reynolds number of 1.2×10 5 . The flow is assumed to be unsteady and turbulent, operating at a constant rotational rate for each case. Computational models are arranged in Gambit software, while numerical analysis is conducted with CFD Fluent. Figure 2 shows a two-dimensional model prepared in Gambit. The computational domain of rectangular shape shown in figure 3 , dimensions are given based on turbine diameter. It is expected that the fluid flow passing through the turbine is not disturbed by the upper and lower sides of the domain. There are two regions in the computational domain: the rotating region of the turbine blades and the fixed areas on the outside, connected by the interfaces. The circle interfaces were made between the rotating and fixed region. The interface of the two mesh region boundaries have the same size, move against each other with no gaps to reduce calculation errors, and to achieve faster convergence.
The domain boundaries consist of the inlet velocity(the inlet side), the pressure outlet (the outlet side), and the top and bottom wall as symmetry. The no-slip boundary conditions are applied to the turbine blades. The domain is discretized using quadrilateral mesh. A size function was applicated with the rotor blade to obtain the better computational results near the blade surface, with start size parameter was chosen 0.1 mm, the growth rate of 1.1 and size limit was 1 mm. In order to accurately capture the flow behaviour around the blades, ten boundary layers of the structural mesh were generated. The number of cells for the blade is about 178,000.
For the simulation process used 2D double precision assuming transient flow, the turbulent flow of the fluid is modelled by the Transition k-⍵ Shear Stress Transport (SST) turbulence model with low Reynolds corrections. The turbulent intensity of 1% and turbulent length scale of 0.01 was applied to approximately account for the incoming flow turbulence. The cell zone condition for dynamic simulation used mesh motion on the rotating domain by input rotational velocity to get the variation of tip speed ratio from 0.2 to 1.4. The solution method includes; (1) the Pressure-Velocity coupling with Semi-Implicit Method for Pressure-Linked Equations (SIMPLE);(2) the spatial discretization for pressure with second order, for momentum, turbulent kinetic energy, and specific dissipation rate with the second order upwind schemeto achieve accurate results;and (3) the transient formulation with second order implicit. For calculation, the number of time step 0.001 with 20 iterations per time step is used. The simulation was considered to have converged when the residuals of all conserved variables are below 1 x 10 -5 .
RESULT AND DISCUSSION
Validation
Validation of simulation was performed using experimental data obtained from SANDIA Laboratories [35] . To verify the simulation parameters used in this simulation, turbine geometry was simulated under the same experimental test [35] . The semi-circular blade contained a full 180 arc with a radius, r, of 0.25 m, the dimensionless gap width, s/d, of 0.1 and the radius of the rotor, R, of 0.4762 m (configuration No.11), with the test Reynolds number of 4.32 × 10 5 . Two-dimensional transient simulations using the SST - turbulence model have performed at various TSR. The averaged value of moment coefficient (CM) generated from simulations. Figure 4 shows the comparison of moment Coefficients as a function of Tip Speed Ratio (TSR) between the experimental data and numerical result. The numerical results indicate the conformity of the experimental tests, at low to medium rotational speeds, using these simulation parameters. However, it can be observed that the difference between numerical simulations and the experimental data grows with the increase of the TSR. At very high rotational speeds and wind velocities, the flow separation occurs, which is a limiting characteristic of k − ω model [36] . 
Static Simulations
The study was conducted to determine the effect of modification straight blade angle by bending it inward and outward. Modified blade models with bend angle changes are shown in Figure 1 . The diameter and distance between the blades of the five models are set equal to 40% of the chord length, and the bend angle varies from  = 70° to  = 110° with 10° intervals. Static and dynamic simulations are performed to observe turbine performance. Static simulations are performed to see the aerodynamic performance of the modified blades at various angular positions (0 -150, with interval 30) to show some of the characteristic features of the flow around the turbine. For 180 to 360 positions are repeated (equal to 0position) due to symmetrical blade shape, but there is a change of position between the advancing blade and the returning blade. Two parts of vortices produced at the advancing blade, one part is provided at the top of the tip of the advancing blade and moves downstream. The other part is built on the bottom of the tip of the advancing blade, which is divided into two ways: the first way runs along the concave side of the returning blade and the second way moves downstream. Thus there are two separation points. The vorticity influenced the average value of the drag coefficient and lift coefficient at different angle rotor positions. Figure 5 shows that the drag coefficient (CD) decreases from 0° to 60° angular positions and then gradually increases from 60° to 150° and then returns the same between the 180° position with the 0° position due to the symmetrical blade. A relatively high CD value was obtained for a modified turbine at an angle bend position outward ( = 100° and 110°), compared to the other models. While Figure 6 shows the lift coefficient (CL) value of the five-blade models. It is seen that the lift coefficient shows an increase from an angular position of 0° to 90°, and then decrease from 90 to 150°. This indicates that there are lift forces on the blade at the 60 and 90 positions. The negative lift coefficient occurs at 150 and 180 (same as 0° positions) as the acceleration of the returning blade moving into the flow creates a force in the clockwise direction. Thus the turbine does not operate purely with drag as the only contributing force, but in this case, lift force also contribute to increase power. The highest value of lift coefficient is obtained on bend angle  = 100° at a 90and 270positions.
Dynamic Simulations
Dynamic simulation is done by giving a specific rotational speed to the rotating zone. This study was made in the range of TSR = 0.2 to 1.4. The value of the moment coefficient (CM) and the power coefficient (CP) is averaged over the time interval to see the performance ratios among the various proposed models. Figure 8 show the variation of moment coefficient and power coefficient for all models examined in this study. The average moment coefficient as a function of the tip speed ratio is presented in Figure 7 . As it can be observed, the average value of the moment coefficient decreases approximately linearly as the tip speed ratio increases. The geometry design with  = 80 has the highest torque coefficient at lower tip speed ratios (TSR = 0.2), while at the higher tip speed ratios (TSR > 0.8) rotor with  = 100, the torque coefficientis the highest. Figure 8 presents a comparison of CP characteristics for all the geometries. It can be seen that there are maximum value for each curve and the power coefficient increases with TSR up to a certain point after which it drops down as TSR further increases. All geometries attain maximum CP at TSR = 1. In that TSR, the model with =100 geometry produces the highest power output.
The Savonius turbine is a device that utilizes the drag force to gain power, but its performance is low due to the negative moment on the returning blade. Savonius blade with Bach type, the negative effect is significantly reduced due to backflow through the overlap region and the flow acceleration leading to the returning blade side. When the straight blade is bent inward ( = 70 and  = 80), the blade overlap distance becomes shorter than the baseline blade. On the other hand, the modification with the straight blade is bent outward ( = 100 and  = 110), the blade overlap distance becomes longer than the baseline blade. With the overlap distance too short, the return flow through this area is shorter than the overlap distance on the baseline blade, resulting in reduced aerodynamic performance. However, too long overlap distance can also decrease its performance, since the backflow time becomes longer and does not produce a positive effect on the returning blade. So in this case, the blade model with  = 100generates the optimal distance, capable of maximizing the return flow over the overlap area, and giving the highest average power coefficient, CP = 0.302. To explain the flow physics around the Savonius wind rotor, the velocity contours between advancing blade and returning blade are plotted in Figure 9 . There are five flow conditions on the Savonius rotor: the free flow areas at the inlet, accelerating flow area at the rear edge of the returning blade, the overlap flow area between the blades, lifting flow on the convex of the advanced blade, and returning flow. The overlap flow area is the flow which provides a thrust effect on the advancing blades and the returning flow, where the stream is moved toward the concave side of the returning blade, helping to increase the torque of the rotor. With the same distance between blades and different at the overlap distance due to the effect of bending on the straight blade, the flow around the rotor causesthe differences in the overlap area between the blades. This is due to the flow acceleration effect of continuing the thrust on the advancing blades. Beside that, the flow which provides the thrust on the advancing blade, is lower on the bending blades and the baseline blades related to short overlap spacing. However, with higher overlap spacing due to larger bend angle ( = 110 °), it can contribute to cause a blockage effect so that the return flow toward the concave side is inhibited, which causes its performance to decline. Thus the optimum blade design is obtained at the outward bending blade of  = 100°.
CONCLUSIONS
This study presents numerical investigation to simulate and verify the effect of the straight blade angle on the performance of themodified bachtype of Savonius wind turbine. There are five turbine models including baseline model (without bending at the point of the curve and straight blade or =90), two models bent inwards (=70 and =80), and two models bent outwards (=100 and =110). Both the static and dynamic simulations were performed using 2D CFD Fluent. In the static simulation, the drag and lift coefficient on the Savonius turbine were directly calculated at every angular position. From static simulations, it has been observed that a relatively high CD value was obtained for a modified turbine at an angle bend position outward (β = 100° and 110°) and the highest value of lift coefficient is obtained on bend angle  = 100° at a 90 and 270 positions, compared to the other models. Furthermore, the dynamic two-dimensional simulation data have been collected at different tip speed ratio values, and the results show that the rotor with a straight blade angle of  = 100° has the highest coefficient of power, 0.302,for the tip speed ratio 1, which is 0.84% higher than a baseline model, and the rotor with a straight blade angle of  = 70° has the lowest coefficient of power, 0.244,for the tip speed ratio 1.
